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Purpose: The Asymptomatic Carotid Atherosclerosis Study (ACAS) showed that carotid 
endarterectomy reduces troke risk in symptom-free patients with 60% or greater internal 
carotid artery (ICA) stenosis. This will surely lead to the performance of an increased 
number of screening duplex examinations. Assuming that positive study results will lead 
to arteriography or endarterectomy and keeping in mind the modest benefit for 
prophylactic endarterectomy demonstrated by ACAS (absolute risk reduction for 
ipsilateral stroke of 5.8% at 5 years), duplex criteria for 60% or greater ICA stenosis must 
have high positive predictive values (PPV). Determining criteria for 60% or greater 
stenosis, which emphasized high accuracy and PPV, forms the basis for this study. 
Methods: Stenoses detected by angiography in 352 ICAs were blindly compared with those 
detected by duplex scanning. Duplex criteria were determined for highest overall accuracy 
in detection of 60% or greater ICA stenosis and for 95% or greater PPV. 
Results: Maximal accuracy for detection of 60% or greater stenosis was 90%. This was 
achieved by the combination ofa peak systolic velocity of 260 cm/sec or greater and an end 
diastolic velocity of 70 cm/sec or greater (sensitivity 84%, specificity 94%, PPV 92%). The 
95% PPV for 60% or greater stenosis results from combining peak systolic velocity of 290 
cm/sec or greater and end diastolic velocity of 80 cm/sec or greater. 
Conclusions: With use of these criteria duplex scanning accurately detects with high PPVs 
the threshold level of ICA stenosis defined in ACAS as receiving stroke reduction benefit 
from prophylactic carotid endarterectomy. These criteria should be useful for carotid 
artery screening and minimizing unneeded intervention. (J VASC SURG 1995;21:989-94.) 
Recently the Asymptomatic Carotid Atheroscle- 
rosis Study (ACAS) reported a 55% relative risk 
reduction for ipsilateral stroke in symptom-free 
patients with 60% to 99% internal carotid artery 
(ICA) stenosis (95% confidence interval 23% to 
73%, p = 0.004) treated with endarterectomy and 
medical management versus those treated with medi- 
cal management alone. 1ACAS angiographically mea- 
sured ICA stenosis by use of the diameter of the distal 
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cervical ICA as the reference site in calculations of 
percent stenosis. 2 
Duplex ultrasonography is the most frequently 
used noninvasive method for assessing carotid artery 
stenosis. Widely used duplex velocity criteria for ICA 
stenosis are based on correlation of duplex-derived 
pulsed Doppler waveform analysis with measure- 
ments of angiographic stenosis that used the ICA 
bulb as the reference point. These criteria divided 
highly stenotic ICA stenoses into two categories: 
50% to 79% stenosis and 80% to 99% stenosis, '4 
With the results currently available from ACAS, it 
is quite likely that many more symptom-free patients 
will undergo screening to detect carotid artery lesions 
that may benefit from prophylactic endarterectomy. 
This requires the development of duplex criteria for 
60% to 99% carotid artery stenosis that are based on 
angiograms with the distal ICA used as the reference 
site for calculations ofstenosis. It is important to note 
that the 5-year absolute risk reduction for ipsilateral 
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Fig. 1. Distribution of angiographic stenoses in 352 ICA. Stenosis was calculated with use of 
distal cervical ICA as reference vessel. 
stroke in ACAS was only 5.8%. Therefore criteria for 
screening for 60% or greater ICA stenosis hould 
have high positive predictive values (PPV) because 
symptom-free patients identified by duplex scanning 
as having a threshold level of carotid artery stenosis 
are likely to undergo carotid angiography or carotid 
endarterectomy or both. 
The purpose of this study was to examine the 
ability of duplex scanning to identify 60% to 99% 
ICA stenoses with calculation of the percent angio- 
graphic ICA stenosis based on the distal cervical ICA 
as the reference site. In addition, we sought to 
identify duplex criteria that provided avery high PPV 
(95% or greater) for this critical threshold level of 
asymptomatic ICA stenosis. These additional strict 
criteria may be useful when prophylactic arotid 
endarterectomy is performed without preoperative 
arteriography. 
METHODS 
Angiographic and duplex examinations were 
blindly compared from patients who underwent both 
carotid angiography and duplex scanning within 30 
days of each other and with no intervening carotid 
artery surgery. 
Duplex studies. Duplex examinations were per- 
formed in four vascular laboratories; one at the 
Oregon Health Sciences University Hospital, two at 
the Portland, Ore., Department of Veterans Affairs 
Hospital, and one at the University of Washington 
Hospital, Seattle, Wash. Examinations were per- 
formed with either an Acuson 128 (Acuson Inc., 
Mountain View, Calif.) color duplex scanner (in 
Portland) or an ATL Ultramark 9 (Advanced Tech- 
nology Laboratories, Bothell, Wash.) color duplex 
scanner (in Seattle). All examinations were per- 
formed by registered vascular technologists in the 
manner described by Strandness maintaining a 
Doppler angle of 60 degrees during the examina- 
tion. 4 Velocity waveforms were obtained from the 
proximal, mid, and distal ICA, and from the common 
carotid artery (CCA) low in the neck and just 
proximal to the bulb. The highest peak systolic 
velocity (PSV) and end-diastolic velocity (EDV) was 
recorded at each site. 
Angiograms. Carotid arteriography was per- 
formed with intraarterial digital subtraction or stan- 
dard cut-film techniques with use of selective carotid 
catheterization a d at least wo views of each carotid 
bifurcation. Each examination also included aview of 
the aortic arch and anterior-posterior and lateral 
views of the intracranial circulation of each cerebral 
hemisphere. ICA stenosis was determined for anglo- 
graphically patent ICAs from the view of the carotid 
bifurcation demonstrating the greatest ICA narrow- 
ing. The residual ICA lumen and the diameter of the 
distal cervical ICA were measured by use of 2.5 x 
magnification and engineering calipers by a single 
observer blinded to the results of the duplex exami- 
nation. Percent ICA stenosis was calculated as 
follows: % ICA stenosis = (1 - [narrowest ICA 
diameter/diameter distal cervical ICA]) z 100%. If 
the point of greatest tenosis involved the distal CCA 
rather than the ICA, the CCA site was used in the 
calculation of angiographic stenosis. Under these 
circumstances the diameter of the distal ICA still 
served as the reference value. Arteries demonstrating 
angiographic "string signs" were designated as 95% 
ICA stenosis. ~
Data analysis. Maximal ICA PSVs, EDVs, and 
combinations of maximal ICA PSV and EDV were 
compared with angiographic calculations of stenosis. 
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Fig. 2. ICA PSV in cm/sec (A), EDV in cm/sec (B), and ICA/CCA PSV ratio, (C), as function 
of calculated angiographic stenosis with distal cervical ICA as reference vessel. 
If distal CCA velocities exceeded ICA velocities, CCA 
PSVs and EDVs were used for comparison with 
calculated angiographic stenosis. Angiographic levels 
of stenosis were also compared with the ratio of 
maximal ICA PSV to the CCA PSV obtained 
proximally in the neck. All data were coded and 
entered into a computerized database. 
Scatter grafts of ICA PSVs, EDVs, and ICA to 
CCA PSV ratios were plotted as a fimction of 
angiographic stenosis to demonstrate he magnitude 
and relative prevalence of velocities measured in the 
study. Receiver operator characteristic curves were 
generated for sensitivity, specificity, PPV and NPV, 
and overall accuracies of different ICA PSVs, ICA 
EDVs, ICA/CCA PSV ratios, and combinations of 
maximal ICA PSV and EDVs to predict 60% to 99% 
angiographic stenosis. Additional criteria were devel- 
0 oped to provide a positive predictive value of 95 ~ or 
greater in the identification of 60% to 99% ICA 
stenoses. 
RESULTS 
Three hundred fifty-three patent ICAs were 
entered into the database. There were no false- 
positive or false-negative duplex examination results 
for ICA occlusion. One ICA could not be insonated 
because of calcification, leaving 352 patent ICAs for 
comparison of angiography and duplex scanning. 
Fig. 1 demonstrates the distribution fangiographic 
stenosis in the 352 patent ICAs. One hundred sixty 
arteries (46%) demonstrated an angiographic ICA 
stenosis of 60% to 99%. 
The distributions of PSVs, EDVs, and ICA/CCA 
PSV ratios as a function of angiographic stenosis are 
JOURNAL OF VASCULAR SURGERY 
992 Wloneta et al. June 1995 
Table I. Sensitivity, specificity, PPV, NPV, and accuracy of ICA PSV, ICA EDV, ratio of ICA 
PSV to CCA PSV and combinations of ICA PSV and ICA EDV to identify a 60% to 99% ICA 
angiographic stenosis 
Sensitivity Specificity PP V NPV Accuracy 
ICA PSV (cm/sec) 
100 99 
150 96 
200 93 
220 91 
260 86 
300 78 
350 60 
400 43 
ICA EDV (cm/sec) 
30 99 
40 95 
70 90 
90 84 
120 74 
140 62 
170 35 
200 22 
ICA PSV/CCA PSV 
2.0 98 
2.5 96 
2.8 94 
3.2 92 
3.5 89 
4.0 82 
4.5 72 
5.5 51 
6.6 37 
ICA PSV (cm/sec)and ICA EDV (cm/sec) 
130, 70 90 
160, 70 90 
160,100 82 
180, 70 90 
180, 100 82 
230, 100 81 
230, 130 68 
260, 70 84 
260, 140 62 
310, 100 73 
310, 140 59 
350,100 60 
350,140 53 
44 60 98 69 
67 71 95 80 
76 76 93 84 
83 82 92 87 
91 88 88 88 
95 93 84 87 
97 94 74 80 
98 96 67 73 
2O 5O 95 55 
65 69 94 78 
84 82 91 87 
90 87 87 87 
94 91 82 85 
95 91 75 80 
97 92 65 69 
98 90 61 64 
67 71 97 81 
77 78 96 86 
82 82 95 88 
86 85 93 89 
89 87 91 89 
93 91 86 88 
95 92 80 94 
97 93 71 76 
98 95 65 71 
85 83 91 87 
86 84 91 87 
93 91 86 88 
86 84 91 87 
93 91 86 88 
94 92 86 88 
96 93 79 83 
94 92 88 90 
96 93 76 81 
97 96 81 86 
97 95 75 80 
98 96 75 81 
98 95 72 78 
shown in Fig. 2. A PSV greater than 300 cm/sec was 
measured in 119 ICAs (34%), and an ICA/CCA PSV 
ratio greater than 5.0 was measured in 105 ICAs 
(30%). Velocity measurements obtained with the 
Acuson and ATL duplex scanners were virtually 
superimposable with respect o degree of angio- 
graphic stenosis. 
Emphasizing attaining maximum overall accu- 
racy, sensitivities, specificities, PPVs, NPVs, and 
overall accuracies of selected ICA PSVs, EDVs and 
ICA/CCA PSV ratios for predicting a 60% to 99% 
ICA stenosis are shown in Table I. For determination 
of 60% to 99% ICA stenosis the maximum overall 
accuracy of any single duplex variable was 89%. This 
was accomplished by use of an ICA/CCA PSV ratio 
of 3.2 (sensitivity 92%, specificity 86%). Increasing 
PSVs, EDVs, and ICA/CCA PSV ratios provide 
• greater specificity and PPV but at the expense of 
decreased sensitivity and NPV (Table I). 
Overall accuracy in identifying 60% to 99% ICA 
stenosis was improved to 90% by use of a combina- 
tion of maximal PSV and maximal EDV. This was 
achieved with a PSV of at least 260 cm/sec and an 
EDV of at least 70 cm/sec (sensitivity 84%, specificity 
94%, PPV 92%, NPV 88%). 
The minimal duplex values that provide a positive 
predictive value of 95% or greater in predicting a 
60% to 99% ICA stenosis are listed in Table II. For 
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Table II. Minimal PSVs, EDVs, ICA PSV/CCA PSV ratios, and combinations of ICA PSV and 
ICA EDV associated with a 95% positive predictive value for a 60% to 99% ICA stenosis 
Sensitivity Specificity PPV NPV Accuracy 
PSV (cm/sec) 
360 
EDV (cm/sec) 
None 
ICA/CCA PSV 
6,1 
ICA PSV (cm/sec), EDV (cm/sec) 
290, 80 
58 98 96 74 80 
44 98 95 68 73 
78 96 95 84 88 
determining a 60% to 99% ICA stenosis, the 
minimum duplex values that provide the ighest 
combination of sensitivity and overall accuracy with 
at least a 95% PPV are the combination of an ICA 
PSV of at least 290 cm/sec and an ICA EDV of at 
least 80 cm/sec. 
DISCUSSION 
Grading of carotid artery stenosis by duplex 
scanning has largely been based on criteria that divide 
high-grade ICA stenosis into 50% to 79% angio- 
graphic stenosis and 80% to 99% angiographic 
stenosis based on the estimated iameter of the 
carotid bulb. These criteria have proven enormously 
useful in both clinical practice and clinical research. 
Criteria for interpretation of carotid artery duplex 
examinations must, however, be continually reas- 
sessed. Updated criteria should be added, as needed, 
to traditional categories of stenosis for carotid artery 
duplex scanning to have maximum relevance to 
current clinical practice and clinical research. 
Details of the ACAS, including stratification of 
stroke risk according to severity of carotid artery 
stenosis, have, as of this writing, not been reported. 
Nevertheless, ACAS demonstrated benefit of pro- 
phylactic arotid endarterectomy for stroke preven- 
tion in symptom-free patients with 60% to 99% ICA 
stenosis I will undoubtedly increase the demand for 
screening carotid artery duplex examinations. Clini- 
cians will legitimately demand these screening studies 
be interpreted in terms of the threshold level of ICA 
stenosis found in ACAS to benefit from prophylactic 
endarterectomy. They should also demand high 
PPV, because a positive duplex examination result in 
appropriate patients will likely, at a minimum, lead to 
cerebral angiography. In ACAS cerebral angiography 
was associated with a 1% stroke rate 1 and an even 
higher rate of neurologic complications in some 
reviews. 6 
Our data demonstrate hat the maximum overall 
accuracy of duplex scanning in identifying a 60% to 
99% angiographic ICA stenosis is provided by a 
combination of an ICA PSV of at least 260 cm/sec 
and an ICA EDV of at least 70 cm/sec (sensitivity 
84%, specificity 94%, PPV 92%, NPV 88%, accu- 
racy 90%, Table I). Similar values can be obtained 
with both threshold levels of PSV (260 cm/sec) and 
with ICA/CCA PSV ratios (3.2 to 3.5). These values 
are consistent with our previous observation that an 
ICA/CCA PSV ratio of 4.0 or a PSV of 325 cm/sec 
were excellent predictors of an angiographic 70% to 
99% ICA stenosis when the distal cervical ICA served 
as the reference site in the calculation of angiographic 
stenosis. 7 
The accuracy of duplex scanning in assessing 
carotid artery stenosis can be suboptimal in many 
laboratories. 8 It is therefore critically important that 
all vascular laboratories maintain  strict program of 
quality assurance. Every laboratory must indepen- 
dently verify their own results and the utility in their 
laboratory of the criteria proposed herein. 
From examination of Table I it is obvious that 
there is a continuum of duplex flow velocities that 
result in varying overall accuracies in predicting 60% 
to 99% angiographic ICA stenosis. Some consensus 
must, however, be reached with regard to appropri- 
ate duplex criteria for clinically relevant hreshold 
levels of ICA stenosis. Criteria for stenosis and 
examination technique must therefore be standard- 
ized as much as possible to ensure consistency in 
clinical research and clinical practice. Individuals 
performing carotid uplex examinations must adhere 
to a standard examination method. In particular, an 
angle of insonation of 60 degrees to the arterial flow 
must be maintained to guard against angle-induced 
variability in velocity measurements. 
Because our results for determining a 70% to 
99% ICA stenosis have been independently verified 
in at least wo additional reports, 9,1° we believe that, 
with continuing work in other centers, it should soon 
be possible to standardize new duplex criteria for 
60% to 99% ICA stenosis by use of the distal cervical 
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ICA as the reference v ssel. Careful attention must be 
given to the duplex device used in individual labo- 
ratories. Although it appears from this study and the 
studies by Mittl et al.9 and Neale et al) ° that the 
Acuson-, ATL-, and Hewlett-Packard-manufactured 
devices provide similar velocity measurements for 
similar degrees ofangiographic stenosis, this is by no 
means certain from the limited data currently avail- 
able. Duplex machines may vary in measured veloci- 
ties of a known Stenosis n and can vary greatly 
depending On the method used to analyze Doppler 
frequency shifts. 12 Indeed it appears from compari~ 
son of the results of our studies and the studies of 
Mitrl et al. 9and Neale et al.:0 with that of Faught et 
al) 3 that the Quantum manufactured device used by 
Fanght et al. may measure lower PSVs than the 
devices of the other manufacturers. 
Physicians requesting screening carotid artery 
examinations for their patients must understand that 
individual duplex velocity measurements are each as- 
sociated with different PPV and NPV for a threshold 
level of ICA stenosis. This is important in the treat- 
ment of individual patients considering the real but 
modest benefit of prophylactic endarterectomy. 
Given the limited benefit of prophylactic carotid 
endarterectomy, the decision to proceed with ca- 
rotid angiography, and especially endarterectomy 
without preoperative angiography, appears appro- 
priate only when a particular duplex examination is 
associated with a high likelihood of accurate iden- 
tification of a 60% to 99% ICA stenosis. For this 
reason we suggest criteria that emphasize overall 
examination accuracy and additional criteria pro- 
viding a 95% PPV. These more stringent criteria 
are perhaps more appropriate if one chooses to 
perform prophylactic carotid endarterectomy with- 
out preoperative angiography. These criteria may, 
in fact, prove to be too liberal in patients with a 
contralateral carotid artery occlusion. Under such 
circumstances velocities in the patent carotid artery 
may be artifactually elevated. 14
Clinicians will clearly have different "comfort 
levels" in recommending prophylactic endarterec- 
tomy for asymptomatic stenosis in individual pa- 
tients. Based on currently available information it
appears reasonable to require a duplex examination 
have a PPV of at least 90% for a 60% or greater lesion 
before obtaining carotid angiography, and at least 
95% before performing endarterectomy on the basis 
of duplex scanning results alone. 
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